The current study reports 2 experiments investigating learned helplessness in the honey bee (Apis mellifera ligustica). In Experiment 1, we used a traditional escape method but found the bees' activity levels too high to observe changes due to treatment conditions. The bees were not able to learn in this traditional escape procedure; thus, such procedures may be inappropriate to study learned helplessness in honey bees. In Experiment 2, we used an alternative punishment, or passive avoidance, method to investigate learned helplessness. Using a master and yoked design where bees were trained as either master or yoked and tested as either master or yoked, we found that prior training with unavoidable and inescapable shock in the yoked condition interfered with avoidance and escape behavior in the later master condition. Unlike control bees, learned helplessness bees failed to restrict their movement to the safe compartment following inescapable shock. Unlike learned helplessness studies in other animals, no decrease in general activity was observed. Furthermore, we did not observe a "freezing" response to inescapable aversive stimuli-a phenomenon, thus far, consistently observed in learned helplessness tests with other species. The bees, instead, continued to move back and forth between compartments despite punishment in the incorrect compartment. These findings suggest that, although traditional escape methods may not be suitable, honey bees display learned helplessness in passive avoidance procedures. Thus, regardless of behavioral differences from other species, honey bees can be a unique invertebrate model organism for the study of learned helplessness.
Learned helplessness is one of the most well-known psychological phenomena (Garber & Seligman, 1980; Seligman, 1992) . In the original demonstration of learned helplessness, Overmier and Seligman (1967) established that dogs exposed to bouts of inescapable shock perform poorly when subsequently permitted to escape shock. This study not only contributed to new approaches and insights in human disorders such as depression and posttraumatic stress disorder (Garber & Seligman, 1980; Miller & Seligman, 1975; Seligman, 1992) , but also stimulated comparative psychologists to explore the generality of learned helplessness across the phylogenetic scale. Learned helplessness is a broadly observed phenomenon and has been studied in cats (Seward & Humphrey, 1967) , chickens (Rodd, Rosellini, Stock, & Gallup, 1997) , cockroaches (Brown, Howe, & Jones, 1990; Brown & Stroup, 1988) , dogs (Overmier & Seligman, 1967; Seligman & Maier, 1967) , fruit flies (Yang, Bertolucci, Wolf, & Heisenberg, 2013; Brown, Mitchell, Peercy, & Robertson, 1996) , gerbils (Brown & Dixon, 1983) , goldfish (Padilla, Paditla, Ketterer, & Giacalone, 1970) , humans (Hiroto, 1974; Thornton & Jacobs, 1971) , locusts (Horridge, 1962) , mice (Braud, Wepman, & Russo, 1969; Chourbaji et al., 2005) , rats (Seligman & Beagley, 1975; Seligman, Rosellini, & Kozak, 1975) , and slugs (Brown, Davenport, & Howe, 1994) .
In their review, took a comparative approach to defining the learned helplessness effect broadly across taxa. They noted the importance of considering learned helplessness as an interpretation of behavior, not a mechanism of behavior. They then offer a suitable definition of the learned helplessness effect as a learned decrease in escape or avoidance behavior. By this description, learned helplessness has been observed in isolated or incomplete components of nervous systems such as headless insects (Horridge, 1962) , individual ganglia (Eisenstein & Cohen, 1965) , and spinal rats (Chopin & Buerger, 1976 )-a brain is not required to produce the effect. These and other findings, reviewed by Eisenstein, Carlson, and Harris (1997) and , suggest that not only is learned helplessness a ubiquitous behavioral phenomenon, its core function is a fundamental neurological process. However, not all aspects of learned helplessness occur in such basic preparations. Experience with escapable shock can reduce the effects of learned helplessness, creating an immunization effect (Brown, Howe, & Jones, 1990; Seligman & Maier, 1967) . The immunization effect is also found across taxa, but has not been observed in headless insects or isolated ganglia . This suggests that there are cognitive components contributing to the learned helplessness effect, one of which being expectation of control (see Alloy & Seligman, 1979) .
There is evidence that learned helplessness has roots in ancient and adaptive biological functions. The first organisms shown to display learned helplessness, such as dogs, all have a freezing response as a species-specific defensive reaction (Bolles, 1970 ) (e.g., Reese, Newton, & Angel, 1982) . This freezing response is proposed to be the adaptive origin of learned helplessness (see . Indeed, the description of learned helplessness closely mirrors that of conservation withdrawal (Engel & Schmale, 1972) , tonic immobility (Gallup, 1977) , and thanatosis or death feigning (Holmes, 1908 )-all of which are adaptive responses to threatening, traumatic, or uncontrollable situations that cause passivity, freezing, or suppression of general activity in the organism. A defensive response that involves a suppression of activity in the face of an uncontrollable situation may result in (a) removal of that threat (i.e., avoiding a predator that uses motion to detect prey), (b) a reduction in energy expenditure, or (c) a reduction in physical trauma (Engel & Schmale, 1972; Gallup, 1977) . The adaptive potential, and thus prevalence, of a learned helplessness response may be closely related to the target species' natural environment and the responses developed in that environment. If a defensive response consists of unconditioned freezing to aversive stimuli, then so too will conditioned responses in the event of aversive training (i.e., learned helplessness tests). Interestingly, we have not encountered a demonstration of learned helplessness in an intact species that does not also have a freezing response.
Honey bees (Apis mellifera ligustica) may be a useful organism to study potential connections between learned helplessness and a freezing response as honey bees do not freeze. In cases of threatening or aversive stimuli, honey bees either flee or sting. Unlike typical defensive responses, a honey bee sting response is not a method of individual defense. In fact, upon a successful sting, the bee is eviscerated (the stinger and venom sac are left to inject additional venom in to the target), and later dies as a result. In contrast to individual defense mechanisms, the sting response is a method of colony defense, primarily against vertebrates (Breed, Guzman-Novoa, & Hunt, 2004) . In most cases, a vertebrate stung by a honey bee is less likely to molest a colony and cause harm to the reproductive center (i.e., queen and brood). A bee that does not sting in response to agitation may endanger the colony. Thus, a freezing response in honey bees would be selected against as it would be, in effect, maladaptive for the colony. For this reason, honey bees are uniquely suited to answer questions regarding learned helplessness and how it relates to freezing, tonic immobility, thanatosis, and other behaviors characterized by suppression of activity.
Honey bees are a popular model organism to study a variety of behavioral processes including ethanol-induced behavior (Abramson, Craig, Varnon, & Wells, 2015) , addiction (Søvik & Barron, 2013) , decision making (Cakmak et al., 2010) , and perception of time (Craig, Varnon, Sokolowski, Wells, & Abramson, 2014) . More importantly, bees have also demonstrated the ability to learn abstract concepts such as sameness and difference , above and below Giurfa, 2011), left and right (Avarguès-Weber, Dyer, Combe, & Giurfa, 2012) , and symmetry and asymmetry (Giurfa, Eichmann, & Menzel, 1996) . These studies suggest that honey bees are capable of psychological processes previously thought only available to vertebrates and thus strengthens the suggestion that honey bees may be able to learn a concept such as helplessness.
The purpose of the present experiments is to investigate learned helplessness in the honey bee. Despite substantial psychological research, honey bees are not yet represented in learned helplessness literature. As an invertebrate, they may be useful as organism for the study of learned helplessness in both intact subjects and in isolated ganglia. It is also important to note that honey bees have unique social and behavioral properties that distinguish them from the existing species used for learned helplessness investigations. Therefore, we seek to fill additional gaps in the literature by providing the first accounts of learned helplessness in a species that is eusocial and lacks a freezing response. In our first experiment, we used a traditional escape method that has been successful at demonstrating learned helplessness in many other species; in our second experiment, we used an alternative punishment, or passive avoidance, method that may be more suitable for honey bees.
Experiment 1
In our first investigation of learned helplessness in honey bees, we used an escape protocol similar to the original Overmier and Seligman (1967) method in which subjects must cross a hurdle to escape shock. Although we used similar methods to the classic demonstration with dogs, previous research with honey bees (Dinges et al., 2013) suggested some adjustments were required to account for differences in physiology, flight capabilities, and life span in captivity.
Method
Subjects. Honey bees (Apis mellifera ligustica) maintained at the Oklahoma State University Comparative Psychology and Behavioral Biology Laboratory apiary acted as subjects for the experiment. Forager bees (n ϭ 160) were collected from a feeder containing 50/50 (weight/volume) sucrose solution. Bees collected in this way are typically foragers older than 20 days (Seeley, 1995) , and are relatively homogenous in age, as bees forage during the last 2 weeks of life (Seeley, 1982; Winston & Neilson Punnet, 1982) . All foragers were assumed to be experimentally naïve sisters from the same hive. Bees were held in a wire mesh communal carrier prior to experimental sessions, and allowed access to 50% (weight/volume) sucrose solution ad libitum.
Apparatus. A pair of automated shuttle boxes and a control unit (see Figure 1 ) were used to administer experimental contingencies and record behavior (Dinges et al., 2013) . The inside of each shuttle box measured 145 ϫ 20 ϫ 5 mm, ensuring that the bees could turn and move, but were always in contact with the top or bottom shock grid. The side walls, front doors, and back doors of each shuttle box were constructed from white high-density polyethylene plastic. Copper-plated steel oxyacetylene welding rods were threaded through the walls to create top and bottom shock grids. The rods were positioned 5.0 mm apart (center to center), allowing 3.5-mm gaps between rods. The rods in the shock grids were alternatively wired to either the positive terminal or the ground terminal of an 8.71-V, 1A DC power supply. If a bee touched any two adjacent rods during a period of shock activation, it completed the shock circuit and received a shock. Following Overmier and Seligman's (1967) method, we included a 3-D This document is copyrighted by the American Psychological Association or one of its allied publishers.
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printed hurdle, with an opening 10 ϫ 6 mm, placed in the center of the shuttle box to physically divide the shuttle box into in two compartments. Clear acrylic shields were placed outside both the top and bottom shock grids to ensure that subjects did not pass between the bars. In each shuttle box, two modulated infrared beams were positioned 5.0 mm from the center of the shuttle box to detect the subjects' location. Modulated infrared beams were used to remove the influence of ambient light on subject detection. Both shuttle boxes were connected to a control unit containing a Propeller Experiment Controller and a user interface. The Propeller Experiment Controller detected the locations of the subjects through the infrared beams installed in each shuttle box, implemented all experimental contingencies including activation of the shock grids, and recorded data to a spreadsheet on an attached microSD card. The apparatus could therefore be operated independently of a computer or any large equipment.
Procedure. Presession preparation. Both shuttle boxes were prepared prior to experimental sessions. First, the clear acrylic shields were cleaned and replaced for each shuttle box. Next, two bees were transported from the communal holding container to the shuttle boxes. Then, once both subject bees were secured in their respective shuttle boxes, a 30-s adaptation period began. Finally, experimental sessions began after the adaptation period was over and both subjects were moving and detected by the apparatus. This presession requirement was used to ensure that both subjects were active and recovered from any handling-related stress.
Experimental design. The experimental design is shown in Table 1 . Subjects participated in only one session each. Each session was divided into three 5-min phases, then each phase was divided into ten 30-s trials (30 trials total). Our rational for choosing this length of phase and trial was to maintain consistency with our previous work on aversive conditioning and to account for the short life span of solitary honey bees while in the apparatus (Agarwal et al., 2011; Dinges et al., 2013; Giannoni-Guzmán et al., 2014) . During each phase, subjects entered one of three conditions: (a) a no shock condition where neither subject was shocked, (b) an escapable shock condition where each trial started with a 20-s shock that could be terminated by crossing the hurdle to the opposite compartment of the shuttle box, and (c) an inescapable shock condition where each trial started with a 20-s shock that could not be terminated by crossing the hurdle.
The first two phases for every subject were considered training phases. The third phase was a testing phase. Condition changes occurred between training and testing phases resulting in several groups. For control groups, subjects remained in either master or yoked condition across all phases; for experimental groups, subjects switched between master and yoked conditions during phase changes. Experimental sessions from each group were conducted concurrently to minimize calendar effects. Each day, sessions were conducted from each group and the order of each day's sessions were pseudorandomly determined. In the following sections, we describe the groups in terms of their assessments.
Groups. The neutral context group was used to assess baseline activity in the shuttle box, and consisted of three no-shock conditions. Subjects in this group never experienced shock; however, behavior was assessed in every 30-s trial as a comparison for groups that received shock during those trials.
The escapable control group focused on the behavior of subjects that remained in an escapable shock condition for both training and testing phases. These subjects always experienced the escapable shock condition; they never entered a no-shock or inescapable shock condition. We expected that escapable control subjects would learn to quickly cross the hurdle to the opposite compartment of the shuttle box, thus terminating shock. We also Figure 1 . A 3-D model of the shuttle box with a cross-section removed for visibility. Honey bees spent experimental sessions between the top and bottom shock grids. This basic shuttle box design was used for both experiments. Experiment 1 used a gray sheet below the bottom shock grid and a 3-D printed hurdle positioned at the center between the infrared beam ports. Experiment 2 used blue or yellow color sheets below the bottom shock grid and did not use a center hurdle. The figure shows the shuttle box variant used in Experiment 2. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
expected they would show lower latency to escape shock and more overall activity than other groups.
The inescapable control group focused on the behavior of subjects that remained in the inescapable shock condition for both training and testing phases. These subjects always experienced the inescapable shock condition; they never entered a no-shock or escapable shock condition. We expected that inescapable control subjects would show greater latency to cross the hurdle during each trial and less overall activity than other groups.
The learned helplessness group focused on the behavior of subjects that switched from an inescapable shock to an escapable shock condition. These subjects were trained with two phases of inescapable shock, and then tested with one phase of escapable shock. We expected that prior experience with inescapable shock would cause subjects to have difficulty learning to escape shock (change compartments) in the subsequent escapable shock testing phase. If honey bees display learned helplessness, we expect that the learned helplessness group bees would show higher latency to escape shock and less general activity than escapable control group bees during the testing phase. Additionally, we expected response latency and general activity of learned helplessness group bees to be similar to that of inescapable control group bees.
The extinction group focused on the behavior of subjects that switched from an escapable shock to an inescapable shock condition. These subjects were trained with two phases of escapable shock, and then tested with one phase of inescapable shock. We expected that subjects in the extinction group would learn to cross the hurdle to the opposite compartment upon the onset of shock in the initial escapable shock training phases. When switching to the inescapable shock testing phase, we expected the previously acquired compartment-change behavior to be, at least initially, conserved. Because we expect behavior to initially persist, we expect the extinction group to have lower latency and more activity in the testing phase than the inescapable control group.
For groups using an escapable shock condition (the escapable control, learned helplessness, and extinction groups), an additional yoked control group was used where yoked subjects were run simultaneously and shocked only when their corresponding master subject was shocked. The escapable yoked group was paired with the escapable control group; the learned helplessness yoked group was paired with the learned helplessness group; and the extinction yoked group was paired with the extinction group. The inescapable control group had no corresponding yoked group as all subjects received shock in the same intervals for the entire session. The yoked groups were primarily used as a comparison for their corresponding master group; in escapable shock conditions, we expected the masters to have lower latency to change compartments and more general activity than their yoked subjects.
Analysis. Our primary measures for this experiment were latency, the time between the start of a trial and when the subject changed compartments, and activity, the total number of compartment changes. For our between-phases analysis, a dependentsamples t test was used to compare latency and activity between Phase 1 and Phase 3. For our between-groups analysis, we only considered the latency and activity of the final testing phase of the experiment. We used R (version 3.2.2; freely available from https:// www.r-project.org/), including the nlme, plyr, and multcomp packages, for analysis and post hoc comparisons. Statistical assumptions were checked prior to conducting all statistical analyses. The nonparametric version of a test was conducted in the event of a violation of one of the assumptions necessary for the traditional parametric test (i.e., using a Kruskal-Wallis test in the event of a violation of one of the assumptions necessary for an analysis of variance [ANOVA] ). Post hoc comparisons for ANOVAs and Kruskal-Wallis tests were performed using Tukey's honestly significant difference (HSD). Confidence intervals for Cohen's d effect sizes (Kelley, 2007) were calculated using the MBESS (version 4.1.0; Kelley, 2015) package in R.
Results
The findings for Experiment 1 can be seen in Figures 2 and 3 , and the statistical tests are reported in the following sections. In general, we found that honey bees do not learn in the type of escape procedure used in Experiment 1. Figure 2 shows latency to change compartments during each of the three phases for all nonyoked groups. To make the trends easier to visualize, we average latency from consecutive trial pairs in to bins (i.e., Bin 1 is an average of Trials 1 and 2; Bin 2 is an average of Trials 3 and 4; etc.). The data shown in Figure 2 indicate that latency to change compartments decreases across the experiment, regardless of the presentation escapable or inescapable shock. There are also no clear changes in the slope of latency across phases. It appears that latency decreases only as a function of exposure to the apparatus. Figure 3 shows that average activity increases across phases for all nonyoked groups, again, regardless of the presentation of escapable or inescapable shock. Taken together, Figures 2 and 3 suggest that latency to change compartments decreases because the bees are moving more frequently as the session progresses. This finding contradicts what is expected by learned helplessness research. Statistical tests, discussed in detail in the following sections, further support this finding.
General between-groups analysis. All groups, including yoked groups, were compared. No significant violations of statistical assumptions were observed for latency or activity; therefore, Figure 2 . Average latency to cross to the opposite compartment following the onset of a trial. To simplify visual analysis, we averaged together consecutive trial pairs to form bins (i.e., Bin 1 is an average of Trials 1 and 2; Bin 2 is an average of Trials 3 and 4; etc.) This document is copyrighted by the American Psychological Association or one of its allied publishers.
a one-way ANOVA was used for analysis. Ϫ0.19, 0.7] . Post hoc comparisons using Tukey's HSD indicated no significant betweengroups differences in activity during the third phase.
Discussion
Our honey bees did not appear to learn in the escape procedure. All groups, even groups without shock, displayed similar behavior. Our bees showed a decrease in latency and increase in activity, regardless of experimental conditions. Bees are capable of learning in aversive conditioning tasks (Abramson, 1986; Agarwal et al., 2011; Dinges et al., 2013; see Tedjakumala & Giurfa, 2013) . However, traditional escape methods may not be suitable to study learned helplessness in bees. This may be because their baseline rate of movement inside a shuttle box is much higher than that of other species. Generally, when bees are placed in a confined area, such as a shuttle box, they explore that area until they escape (and attempt to return to their hive), or until they die. When placed in a shuttle box, bees constantly pace from one end to the other. This very high baseline rate of movement means that it is difficult to further increase the rate of movement with an escape contingency. For our bees, by the time they have an opportunity to change compartments to terminate shock, they are already in the process of changing compartments due to their natural behavior.
The tendency of our bees to show a decrease in latency across time can also be explained by their natural behavior. When confined, bees explore and attempt to escape. Over time, they become better at exploring a confined area as they spend less time exploring impassable corners or cracks. The behavior of exploring impassable features may extinguish as it does not allow further movement. The bees may also habituate to these impassible features. In our experiment, bees are confined to a shuttle box where the only possible movement is pacing between compartments. Considering the natural behavior of confined bees, it is not a surprise that even the neutral context group bees became proficient at pacing as they became familiar with the shuttle box.
Experiment 2
As the baseline behavior of confined honey bees is ill suited for the traditional escape method used in Experiment 1, we considered alternative methods to investigate learned helplessness. Traditional methods demonstrate (a) a change in behavior when it permits escaping aversive stimuli, and (b) prior experience with an inescapable aversive condition inhibits acquiring escape behavior when aversive stimuli are later made escapable. The important consideration for learned helplessness experiments is to demonstrate that animals trained in inescapable or unavoidable aversive conditions learn that altering behavior is not an effective method of escape or avoidance . In Experiment 1, bees did not learn to increase baseline behavior to escape shock, in part because their baseline behavior is so high. Therefore, since bees did not learn the escape contingency, we were unable to demonstrate a suppression of this learning as a product of inescapable training.
In contrast to escape training, punishment is a passive avoidance task that causes bees to change baseline behavior by facilitating a learned restriction of shuttling and place preference (Abramson, 1986; Agarwal et al., 2011; Dinges et al., 2013) . Typically, punishment is not used in learned helplessness tests due to overlapping effects (i.e., punishment reduces a voluntary behavior, learned helplessness generally suppresses all voluntary behaviors). With traditional species, it would be difficult to distinguish between the effects of punishment and the effects of learned helplessness. This document is copyrighted by the American Psychological Association or one of its allied publishers.
However, with bees, the baseline response topography changes as a result of punishment (i.e., compartment restriction), but the rate of general activity remains constant (Dinges et al., 2013) . Thus, we can use a compartment restriction assessment to detect a learned decrease in escape and avoidance behavior (LDEA) as a product of experience with noncontingent aversive stimuli (see , for a discussion of LDEA behavior and learned helplessness). Since punishment is a form of avoidance behavior through response omission, and bees maintain a relatively high base rate of response, we feel that punishment is a suitable avoidance test to reveal LDEA behavior in honey bees. To demonstrate learned helplessness in a punishment procedure, we must show that a punishment-induced change in behavior is inhibited by prior experience with noncontingent aversive stimuli, thus showing a LDEA. Therefore, in Experiment 2, we used an established punishment procedure with additional manipulations to investigate learned helplessness.
Method
Subjects. Subjects (n ϭ 448) were collected and prepared in the same manner as Experiment 1.
Apparatus. The apparatus and control unit (see Figure 1 ) were the same used in Experiment 1, with a few differences to present discriminative stimuli. No hurdle was used to divide the shuttle box into compartments. Instead, color sheets cut from Valspar Signature Allen ϩ Roth sample paint swatches were placed below the bottom shock grid to act as discriminative stimuli. Each shuttle box was visually partitioned into two compartments; the color sheet under one compartment was blue (AR1226 Ocean Front), and the color sheet under the other compartment was yellow (AR1805 Light Rail). We chose blue and yellow because previous experiments have shown that bees can easily discriminate between these colors in aversive conditioning procedures (Agarwal et al., 2011; Dinges et al., 2013; Mota, Roussel, Sandoz, & Giurfa, 2011) .
Procedure. Presession preparation. Presession preparation was the same as Experiment 1, with a few differences to control for issues related to discriminative stimuli. Before loading subjects into the shuttle boxes, black paper was used to cover the color sheets. Subjects were then placed in the apparatus from either the blue or yellow compartment; the entry compartment was counterbalanced. Experimental sessions began after the adaptation period was over and two additional criteria were met: (a) both subjects were moving and detected by the apparatus, and (b), if a master/yoked session was being conducted, the master entered the correct compartment of the shuttle box. When the control unit indicated that experimental sessions began, the experimenter removed the black paper revealing the color sheets that acted as discriminative stimuli.
Experimental design. The experimental design is shown in Table 2 . Each session was divided into two or three 5-min phases, depending on the group. During each phase, subjects entered either a no-shock condition where neither subject was shocked, or a master/ yoked condition where the master subject was shocked when entering the incorrect compartment of the shuttle box, and the yoked subject was shocked when the master was shocked, regardless of compartment. For control groups, subjects remained in either master or yoked condition across all phases; for experimental groups, subjects switched between master and yoked conditions during phase changes. Unless specifically assessing color preferences, we counterbalanced the color associated with shock. Experimental sessions from each group were conducted concurrently to minimize calendar effects. Each day, sessions were conducted from each group and the order of each day's sessions were pseudorandomly determined. In the following sections, we describe the groups in terms of their assessments.
Groups. To assess preexisting compartment and color preferences, we used three consecutive no-shock conditions. These bees were placed in the shuttle box but never experience shock. The compartment preference groups focused on the behavior of bees in the absence of shock or color stimuli. Instead of removing the black paper to reveal the color sheets, the black paper remained in place during experimental sessions. The color preference groups focused on the potential color preferences of bees in the absence of shock. Color preferences for blue and yellow were similarly assessed, except that the black paper was removed at the start of each session. We assessed compartment and color preferences using a two-phase design and a three-phase design.
The master control groups focused on the behavior of subjects that remained in a master condition for both training and testing phases. The master control subjects always acted in the master condition; they never entered a no-shock or yoked phase. The master control groups served as a comparison for other groups. We expected that master subjects would learn to restrict their movement to the correct compartment. We used both a two-phase design and a three-phase design for master controls.
The yoked control groups focused on the behavior of subjects that remained in a yoked condition for both training and testing phases. The yoked control subjects always acted in the yoked condition; they never entered a no-shock or master phase. The yoked control groups served as an additional comparison for other groups. We expected that yoked subjects would not learn to restrict their movement to either compartment resulting in equal time spent in both compartments. We used both a two-phase design and a three-phase design for yoked controls. Note. Values are correct compartment restriction: the amount of time, in seconds, the bee spent in the correct compartment during the testing phase for each group. Data from the second phase of three-phase bees were added to two-phase groups that experienced the same conditions. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
The learned helplessness groups focused on the behavior of subjects that switched from a yoked condition to a master condition. These bees were trained as yoked, and then tested as master. We expected that prior experience with unavoidable shock in the yoked condition would cause subjects to have difficulty restricting their movement to avoid shock in the subsequent master condition. If our hypothesis is supported, previous experience with unavoidable shock in the training phase (yoked condition) would interfere with acquisition of avoidance behavior in the testing phase (master condition). Therefore, we expect the master control group bees to be better able to avoid shock than the learned helplessness group bees. Furthermore, no differences between the learned helplessness group bees and yoked control group bees are expected. We used both a two-phase design and a three-phase design to assess learned helplessness.
The noncontingent groups focused on the behavior of subjects that switched from a master condition to a yoked condition. These bees were trained as master, and then tested as yoked. We expected that subjects in the noncontingent groups would learn to restrict their movement to the correct compartment in the initial master training phase as one compartment is strongly associated with shock. When switching to the yoked testing phase, noncontingent shock is presented in both compartments; therefore there is no reason to develop or change a compartment preference. However, the preference developed in the master phase may extinguish as it no longer functions to prevent shock. Considering the change from contingent to noncontingent shock, we expected the previously acquired compartment restriction behavior to be, at least initially, conserved. Because we expect this behavior to initially persist, we expect the noncontingent groups to restrict their movement to the previously correct compartment better than yoked control group bees. We used both a two-phase design and a three-phase design to assess extinction a return to a noncontingent condition.
Analysis. Our primary measures for this experiment were correct-compartment restriction (CCR), the duration subjects spent in the correct compartment of the shuttle box, and activity, the total number of compartment changes. In previous research, we observed that bees generally explore and pace between compartments in shuttle box experiments; in aversive condition experiments, bees often learn to restrict their movement to the "safe" compartment (without an aversive stimulus) while maintaining a consistent level of activity. We use the term correct compartment restriction to refer to time restricted to the correct compartment of the shuttle box, with an emphasis that the bee may still be exploring and pacing in that compartment. The "correct" compartment in master testing phases was the no-shock compartment; in yoked testing phases, it was the correct compartment of the paired master bee. For compartment and color preference groups, we arbitrarily picked which compartment was correct. Our measure of CCR was the total time the bee spent in the correct compartment over the 5-min testing phase.
To analyze changes in activity over the course of the session, we used a dependent-samples t test to assess the activity of bees between Phase 1 and Phase 3. To assess CCR as it compared to nonpreferenced responding (150 s of CCR per phase), we used a t test to compare the CCR of the testing phase (Phase 2 of two-phase groups and Phase 3 of three-phase groups) to 150 s. For our between-groups analysis, we only considered the CCR and activity of the final testing phase of the experiment. We compare CCR between groups, and also to a nonpreference response of 150 s (50% of the phase). Although there are benefits to showing data across time, the high variability of the CCR behavior made it difficult to analyze behavior within phases. Therefore, to analyze the effect of previous experiences, we compared the data in the final phase of the experiment. Differences in Phase 3 CCR between groups were an effect of treatments in testing and training procedures. Several groups used the same testing procedure, and therefore any differences between these groups were the result of training. Thus, although we cannot clearly show data within each phase, we can see the effect of previous phases on behavior in the final phase.
We used the same analysis software as Experiment 1. Although some investigations observed a color-based difference in avoidance behavior (Dinges et al., 2013) , we found no significant differences between color counterbalances and thus combined color counterbalances for the final analysis. Statistical assumptions were checked prior to conducting all statistical analyses. The nonparametric version of a test was conducted in the event of a violation of one of the assumptions necessary for the traditional parametric test (i.e., using a Kruskal-Wallis test in the event of a violation of one of the assumptions necessary for an ANOVA). Post hoc comparisons for ANOVAs and Kruskal-Wallis tests were performed using Tukey's HSD.
Results
The findings for Experiment 2 can be seen in Figure 4 and the statistical tests are reported in the following sections. Overall, the learned helplessness groups had significantly lower CCR in the testing phase than master groups due to prior experience with Figure 4 . The box plots display correct compartment restriction (CCR) for the experimental and control groups. The plots are divided by number of phases in the experiment (left graphs, two-phase groups; right graphs, three-phase groups). Neutral context color and neutral context black groups were combined for this figure. The order of condition presentation is indicated for each group: M ϭ master condition; Y ϭ yoked condition. For example, noncontingent (MY) is trained as master in Phase 1, and tested as yoked in Phase 2; similarly, helplessness (YYM) is trained as yoked in Phase 1, then trained as yoked in Phase 2, and tested as master in Phase 3. This document is copyrighted by the American Psychological Association or one of its allied publishers.
noncontingent shock in the yoked training phases. This result suggests a learned helplessness effect through a LDEA. We also found that master control group bees had higher CCR than nonpreference responding (150 s) and yoked control group bees; this indicates that bees in the master control groups were able to accomplish the punishment task, and bees in the yoked control groups did not show a compartment preference. In the following sections, the results are discussed in detail. General activity test. To assess rate of fatigue and change in general activity, we compared the general activity of the first phase to that of the third phase in three-phase groups. Two-phase groups were excluded from this analysis as changes in activity were expected to be more pronounced in the third phase, if changes occurred at all. We found general activity decreased significantly between the first and third phases for neutral context group bees, t (31) General between-groups analysis. CCR scores of the testing phase of the master control, yoked control, learned helplessness, and noncontingent groups were compared for the final analysis. The descriptive statistics for each of the groups are presented in Table 2 . Variances in CCR in the four groups were significantly different in two-phase groups, Bartlett's K 2 (3) ϭ 8.566, p ϭ .04, so a Kruskal-Wallis test was used to analyze differences in CCR among the four groups; significant between-groups differences were found, 2 (3) ϭ 33.852, p Ͻ .001, p 2 ϭ 0.073, 95% CIs [0.03, 0.12]. Three-phase groups had no significant violations of statistical assumptions so a one-way ANOVA was used to compare CCR among the four groups; there was a significant difference between the groups, F(3, 68.69) ϭ 4.346, p ϭ .006, p 2 ϭ 0.095, 95% CIs [0.01, 0.19].
Side preference and color preference assessments. The compartment preference test group indicated no compartment preference in the absence of color cues in the two-phase, t (31) Master and yoked controls. When presented with avoidable shock, master control group bees restricted their movement to the correct compartment to avoid shock more than nonpreference responding in the two-phase group, t (95) In contrast, when presented with unavoidable shock, yoked control group bees did not restrict their movement to either compartment at a rate significantly different from nonpreference responding in the two-phase group, t(95) ϭ 1.33, p ϭ .187, d ϭ 0.14, 95% CIs [Ϫ0.07, 0.34], and three-phase group, t(31) ϭ 0.77, p ϭ .448, d ϭ 0.14, 95% CIs [Ϫ0.21, 0.48]. As color preference was not observed in yoked control group bees, the color preference observed in neutral context group bees is likely due to context acclimation or varying exploration strategies.
Learned helplessness. Previous experience with unavoidable shock interfered with subsequent avoidance tasks, but it did not completely prevent acquisition of avoidance behavior. Bees in the learned helplessness group, trained with unavoidable shock and tested with avoidable shock, restricted their movement to the correct compartment to avoid shock at more than nonpreference responding in the two-phase group, t (95) However, learned helplessness group bees did not avoid shock significantly more than yoked control group bees; thus, experience with unavoidable shock created a nonpreference pattern of response that was partially conserved when shock was subsequently made avoidable. Furthermore, in the two-phase group, post hoc comparisons using Tukey's HSD indicated master control group bees avoided shock at a significantly greater rate than learned helplessness group bees (p Ͻ .001). However, for three-phase groups, CCR was not significantly greater for master control group bees. This is likely due to the variance in CCR observed in the learned helplessness group bees shown in Figure 4 . These results suggest experience with unavoidable shock interferes with, but does not prevent, acquisition of avoidance behavior in honey bees.
Noncontingent. Previous experience with avoidable shock created a preference for the correct compartment that was conserved when the shock later became unavoidable. Bees in the noncontingent group restricted their movement to the previously correct compartment more than nonpreference responding in twophase groups, t(95) ϭ 3.33, p ϭ .001, d ϭ 0.34, 95% CIs [0.13, 0.54], and three-phase groups, t(31) ϭ 4.10, p Ͻ .001, d ϭ 0.73, 95% CIs [0.33, 1.11]. However, noncontingent group bees did not avoid shock significantly more than yoked control group bees, likely because extinction of the previously acquired preference response occurred during the duration of the testing phase. Furthermore, in two-phase groups, post hoc comparisons using Tukey's HSD indicated master control group bees avoided shock at a significantly more than noncontingent group bees in two-phase groups (p Ͻ .001), but not significantly more in three-phase groups. These results suggest experience with avoidable shock creates a preference that is, at least initially, maintained in the absence of avoidable shock; however, this preference is less pronounced than master controls. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Discussion
Our results support the general predictions of the learned helplessness literature as we were able to show a punishment-induced change in behavior was inhibited by prior experience with noncontingent shock in our learned helplessness groups. We also showed that master control group bees learned to adjust their behavior while yoked control group bees did not. These results suggest that honey bees display learned helplessness through a LDEA, and that a punishment based method is suitable for studying learned helplessness in honey bees even though a more traditional escape method is inadequate.
Although our experiment produced effects in the expected directions, CCR variability was very high (preventing more detailed analysis), and some findings were less pronounced than predicted. Specifically, the learned helplessness effect delayed, but did not fully inhibit, acquisition of CCR. This may be due to the length of trials, which were much shorter than traditional studies. If these trials were extended over hours or days, this effect may be more pronounced. However, honey bees do not live long when separated from the hive, and if left in a shuttle box, bees will explore and shuttle compulsively until death. A communal carrier and a feeder can negate this mortality rate in the laboratory, but implementing these devices in a controlled fashion during a learned helplessness test has not yet been attempted. In order to test if length of training impacts length of inhibition of CCR acquisition in learned helplessness tests, additional improvements must be made to the experimental conditions to increase the longevity of honey bees in an apparatus designed for such assessments. Furthermore, honey bee individual differences in shuttle box learning tasks vary greatly when using color cues as discriminative stimuli (Dinges et al., 2013) . This may be due to the unique sensory systems of our subject species. An additional revision to these methods may include the use of odor as discriminative stimuli as bees generally perform better at olfactory tasks (Smith, Abramson, & Tobin, 1991) .
The observed variability in CCR may also be a product of the unique behavior of honey bees in shuttle boxes, which is substantially different than that of other species. While a rat or a roach freezes in response to shock, honey bees do not. Instead, bees maintain the same level of general activity, but restrict activity to an area not associated with shock. Experience with unavoidable shock that interferes with subsequent avoidance and has been described as a learned decrease in escape or avoidance behavior. This decrease in behavior is often characterized by "passivity" in response to traumatic events that typically elicit an escape response . The passivity of subjects in learned helplessness experiments is proposed to be a reduced incentive for initiating voluntary responses, which supports cognitive interpretations including depression, lack of motivation, and helplessness (Alloy & Seligman, 1979) . Unlike other species, honey bees do not display passivity in response to unavoidable or inescapable shock (Abramson, 1986; Dinges et al., 2013) , and therefore these cognitive interpretations may not be appropriate. Another interpretation is that a decrease in avoidance behavior is the product of an incompatible response, such as freezing, and not a product of cognitive or motivational deficits in associative ability (Glazer & Weiss, 1976) . If an aversive stimulus elicits freezing, an animal would simply not be able to actively avoid shock and freeze simultaneously. Again, bees respond distinctly; they do not exhibit an incompatible freezing response.
The honey bee's distinct response to unavoidable shock may explain how our results differ slightly from other experiments, but it also marks honey bees as a unique and potentially valuable organism for learned helplessness investigations. The proposed biological mechanism of learned helplessness is tonic immobility, the freezing response to stress . Tonic immobility, also called thanatosis or conservative withdrawal, has been investigated in a wide variety of organisms over hundreds of years (Gallup, 1974) . However, bees and wasps are distinctly absent in the body of learned helplessness and tonic immobility research until recently, and social bee and social wasp investigations are still absent (King & Leaich, 2006) . It may be that social bees do not have the biological defense mechanism (tonic immobility) that is the basis of learned helplessness. Breed, GuzmanNovoa, and Hunt (2004) discussed many bee defensive responses to threat, such as the sting response, but none included passivity, immobility, or withdrawal. Honey bees therefore provide a unique opportunity to investigate the biological foundation of learned helplessness. Our experiment is an important contribution to the literature as it is the first learned helplessness experiment with a species that does not display tonic immobility. Further investigation of learned helplessness behavior in honey bees may elucidate important findings that would not be possible in species with defensive responses characterized by inactivity.
Another important consideration of our experiment is the similarity between our learned helplessness experiment and other aversive conditioning experimental designs. Learned helplessness is often considered an operant conditioning paradigm. The avoidance behavior of master subjects can be considered operant behavior maintained because it prevents an aversive stimulus. However, the behavior of learned helplessness subjects can be considered a respondent behavior. Lubow and Moore (1959) described several respondent conditioning (classical conditioning) preexposure effects that may explain learned helplessness. One effect, latent inhibition, occurs when a subject is preexposed to a conditioned stimulus (CS) before it is associated with an unconditioned stimulus (US). The result is reduced acquisition of a conditioned response (CR). This effect has been demonstrated in free-flying honey bees (Abramson & Bitterman, 1986a) . Another effect, the US-preexposure effect, describes how previous exposure to the US prior to CS-US association can also reduce acquisition of a CR. This effect has also been demonstrated in free-flying honey bees (Abramson & Bitterman, 1986b) . A third process, learned irrelevance, describes how random (unpaired) exposure to both the CS and US delays acquisition of the CR when the CS and US are later associated. Our learned helplessness experiment contains aspects of all three respondent processes, but is best described as learned irrelevance. Future research is needed to determine the magnitude of the learned irrelevance effect, or if latent inhibition or US-preexposure alone are adequate to produce learned helplessness behavior. These interpretations suggest that respondent mechanisms should be considered in addition to operant mechanisms, and that, again, many parsimonious explanations can be made that do not require cognition. This document is copyrighted by the American Psychological Association or one of its allied publishers.
General Discussion
A major benefit of our research is the demonstration of a practical, well-understood, invertebrate species that can be used as an organism to study a pervasive and important behavioral phenomenon such as learned helplessness. Honey bees have become a popular model organism to study many psychological processes, but we are the first to investigate learned helplessness. The addition of learned helplessness experiments to the existing honey bee literature is important to draw conclusions regarding psychological processes. However, more studies exploring a broader range of psychological phenomena, like learned helplessness, are necessary (Menzel, 2012; .
Honey bees have also been established as a prime model organism for the study of the neural components and how they relate to behavior (Menzel, 2012; Menzel & Mül-ler, 1996) . Recent work with neuromodulators, such as dopamine and octopamine, in honey bees has revealed fascinating interactions between bioamines and behavior in decision-making tasks (Giray et al., 2015) , punishment tasks (Agarwal et al., 2011) , and appetitive and aversive respondent tasks (Hammer & Menzel, 1998; Vergoz, Roussel, Sandoz, & Giurfa, 2007) . Honey bees serve as an ideal model to study the impact of such neuromodulators on behavior because bioamines, such as dopamine, can be injected directly into the brain, allowing a measure of control unrivaled by vertebrate studies (Devaud et al., 2015; Vergoz, Roussel, Sandoz, & Giurfa, 2007) .
We hope that our experiment will stimulate interest in using honey bees to explore learned helplessness and other pervasive psychological phenomena. Our results show that learned helplessness can be studied in honey bees, and that, because of their distinct lack of a freezing defensive response and the advancement of invertebrate neurobiological research methods, honey bees are uniquely suited to advancing our understanding of learned helplessness. Specifically, honey bees provide an opportunity to explore the behavioral effects of learned helplessness training in a species that does not freeze in response to inescapable aversive events. As a result, honey bees allow additional investigations of learned helplessness that may be obfuscated by responses incompatible with escape or avoidance, such as freezing or tonic immobility. However, due to behavioral and physiological aspects of honey bees (i.e., short life span in a shuttle box and nontraditional escape strategies) we must diverge from traditional learned helplessness test procedures. Our punishment-based experiment is a strong first step in this direction, but the scope of learned helplessness investigations in honey bees is still somewhat limited until methods for more long-term studies are developed (e.g., incubated shuttle boxes). In our experiment, we were unable to provide a testing phase highly dissimilar from the training phase, thus limiting the inferences we can make about the cognitive state of bees. Thus, we favor a parsimonious behavioral explanation to the learned helplessness effect we observed.
We provided operant and respondent explanations for our results, and do not believe these explanations to be incompatible with other interpretations of learned helplessness behavior. However, for honey bees, we believe that the usual cognitive explanations of learned helplessness in terms of "expectancies" or "cognitive sets" are unwarranted at this time, and may hinder our understanding of more fundamental mechanisms (Abramson, 2013) . We hope that future research will explore the molecular and physiological mechanisms of learned helplessness, and other related behavior phenomena, while maintaining a parsimonious approach that only advocates cognitive explanations when other explanations have been exhausted.
